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Abstract

The red-time polarization resistance of Alloy 718 during high energy proton
irradiation(measured with eectrochemica impedance spectroscopy) decreased from 1.7x10°
ohm- n? in the absence of irradiation to 8.2 ohm- nm? at a proton beam current of 0.4 mA. Because
the proton beam spot size was smaller than the sample (that is, proton flux decreased radially from
the beam center), two methods for determing corrosion rate from polarization resistance were
employed. The first method assumed that the distribution of corrosion was uniform across the
entire probe surface. With this assumption, the corrosion rate was found to vary from 0.041x10°
m/yr. at an average proton current of 0.001 mA to 3.1x10° m/yr. at an average proton current of
0.40 mA. The second method used proton flux as a criterion for determining the area of highest
damage. At apeak proton flux of 1.77x10"® p/m?®. s, calculated at an average proton current of
0.40 mA, the corrosion rate was 60.9x10° m/yr. These results are discussed within the context of
water radiolysis and direct 718/proton interactions.
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1. Introduction
1.1. Spallation neutron sources

Spallation neutron sources typically consist of a proton accelerator (linac / synchrotron) and
a shielded cavity which contains the neutron source (or target). Thistarget isahigh Z number
metal, for example tungsten (W) or tantalum (Ta). High energy neutrons are produced when the
proton beam leaves the high vacuum of the accelerator viaa"window" and enters the cavity were it
then strikes the target. Many of the components in the cavity (including the window) are
constructed from or cladded with Alloy 718 (UNS NO7718, precipitation hardened, Cr-18 wt%,
Fe-19, Nb-5, Mo-3, Ti-1, and Ni-53 min). To keep the target cool (and to moderate the energy of
the neutrons which are produced) it is enclosed in a cooling loop which is generally constructed
from stainless steel 304 (UNS S30400; referred to as 304 SS) and filled with deionized water,
although ppb - ppm contaminants such as chloride and sulfate are typical. The cooling loop is
typically operated at upwards of 2x10° Paand flow rates on the order of liters per second.

In designing a spallation neutron source candidate materials and engineering designs must
be chosen to minimize anumber of potential corrosion related failure modes, such as pitting
corrosion, galvanic corrosion, crevice corrosion, and stress corrosion cracking. In addition,
materials corrosion in aspallation neutron source may also be effected by ionizing radiation.
Preliminary data from irradiations at the L os Alamos Neutron Science Center (LANSCE), suggest
that corrosion rate is afunction of proton flux(1). Additional resultsfrom Maloy et al found that
the post irradiation thickness profile of aW rod, irradiated at a beam current of 1.0 mA for
approximately 2 months, was Gaussian and corresponded to the Gaussian profile of the beam(2,
3). Although the corrosion damage near the center of the W probe appeared to be mixed mode, the
full width at half the maximum (FWHM) was approximately 3.2 cm while, the theoretical FWHM
for the proton beam was 3.26 cm (Figure 1).

In addition to the effects associated with the direct interaction of the beam with materials,
the design must also consider water radiolysis products that result from the interaction of ionizing
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from the recombination of short-lived radiolysis products (such as OH) that have lifetimes on the
order of 10™ to 10°® seconds. While the effect of the short-lived products on corrosion ratesis
unknown, radiolysis products such as H,O, are cathodic reactants and increase open circuit
potentials (OCP) and corrosion rates (in cathodically limited reactions) of metals. Therefore, in
addition to the potential failure modes discussed above, the corrosion of materias in neutron
source cooling loops may be accelerated by both long lived and short lived water radiolysis
products. While water dissociation is unavoidable, the formation of long-lived products can be
suppressed. For example, dissolved hydrogen will suppress OH/OH recombination and H,O,
formation. A thorough discussion of the effects of water radiolysis on corrosion and mitigation
methodology will be presented in future publications.

Because the post irradiation examination of samples must be conducted in a hot cell,
weightloss and thickness measurements are a costly and time consuming way of measuring
corrosion damage caused by proton irradiation. In addition, for corrosion resistant materials, such
as Alloy 718, where the corrosion rate may be on the order of 10's mm/year of irradiation, these
methods are ineffective in determining corrosion rate after short irradiation periods. The purpose
of this paper isto determine the "real-time" corrosion rate of Alloy 718 during high energy proton
irradiation; that is, to determine the effect of the direct interaction between energetic particles and
the metal corrosion rate. To accomplish this, amethod for measuring the real-time corrosion rate
of metals during 800 MeV proton irradiation is necessary.

1.2. Effects of proton irradiation on corrosion

There have been alimited number of studies which have addressed the corrosion behavior
of metalsin high energy particle beam environments. None have measured the real-time corrosion
of metalsin aparticle beam. Simnad and Smoluchowski measured the circuit potential (OCP) of a
tungsten target as a function of proton fluence in an 260 MeV proton beam(4). The sample was a
0.3 mm diameter tungsten wire which was annealed at 900° C and degreased before being placed
inanirradiation cell. The electrolyte was an oxygen-free, saturated KCI solution. The OCP of this

target was measured during irradiation with respect to a saturated calomel electrode by means of a



vacuum tube potentiometer. They found that the OCP of the tungsten target became more positive
with increasing proton fluence as shown in Table 1. Their interpretation of this result was that
particle radiation created defects at the metal surface which contributed to the observed increase in
electrode potential. They theorized that the defects had to be large (dislocation lines, loops, or
collapsed vacancy clusters) because isolated vacancies and intertitials would presumably disappear
rapidly given their proximity to the surface. In order to test the hypothesis that defects at the metal
surface were responsible for the observed change in potential, they first irradiated a sample while
monitoring its OCP. After the irradiation period the sample was annealed at 900° C. After the
annealing period they measured the el ectrode potential of the W sample out-of-beam and found that
it had returned to its original value. They concluded that the damage was reversible asit could be
"baked out".

A similar study on the proton irradiation of iron addressed metal dissolution rate(5). Inthis
study an iron electrode was immersed in a pH 2, HCI solution. Weight loss measurements found
that, for afluence of 1x10% protons/n?, the corrosion rate increased from 4 g/m? in the absence of
irradiation to approximately 14 g/m? during irradiation.

Investigators have also evaluated the efficacy of corrosion inhibitors in particle accelerator
cooling loops(6). These studies focused on the addition of hydrazine and benzotriazole (an anodic
inhibitor) at the CERN accelerator to mitigate copper corrosion in the magnet cooling water loops
of the synchrotron. The corrosion rate of copper during 600 MeV irradiation decreased in the
presence of both inhibitors (evaluated by the concentration of Cu™ in solution). However,
radiolytic decomposition of the inhibitors was noted at low radiation flux (2.5x10" p/n¥-s).
Future spallation neutron sources are likely to have much higher proton flux (5.5x10% p/m?.s),
although the application of inhibitors may play arolein secondary cooling loops where aluminum

alloys are present.



2. Experimental
2.1. Thein-beam corrosion loop

All experiments were conducted at the A6 Target Station of LANSCE which islocated in
Experimental Area A just in front of the linac beam stop at the Los Alamos National Laboratory. A
detailed description as well as diagrams of the beam at A6 have been presented elsewhere(7).
Briefly, the corrosion water loop at LANSCE consisted of a pumping system and a manifold
which held the corrosion samplesin-beam (Figure 2). With the exception of the corrosion probes,
the system was fabricated entirely of 304 SS (it is recognized that stainless steel 308 weld rods
were used in the welding of 304 SS components).

To measure real-time in-beam corrosion rates, it was necessary to electrically isolate the
Alloy 718 corrosion samples from the stainless steel plumbing system. Conventionally, this can
be accomplished with metal-to-glass seals. However, proton irradiation of glass causes it to
become relatively conductive, rendering the electrical insulating properties of the seal useless.
Therefore, an dternate sealing method was designed. As shown in Figure 3a, the in-beam
corrosion samples were hollow rods (one end closed, one end open) with an outside diameter of
1.27 cm and alength of 15.9 cm. The wall thicknesses varied with sample material type. The
Alloy 718 sample had wall thickness of 0.32 cm. The inner diameter of the manifold tube that
housed the Alloy 718 sample was 1.73 cm, therefore, the annulus spacing between the sample and
the tube (where the water coolant flowed) was 0.23 cm. By varying the wall thickness of the
samples, the surface temperature of each sample (during irradiation) could be kept at a target
value. The open end of the sample was joined to one end of a dumb-bell shaped ceramic (alumina)
by means of acompression seal. The other end of the ceramic was joined to a stainless steel 304L
(304L SS) flange by means of another compression seal. The flange provided a means for
welding the probe assembly into awater manifold. Electrical contact to the sample was made viaa
nickel wire which was spot welded to the inside of the probe prior to joining and fed through a

hole in the ceramic. The ceramic sealing process required the corrosion samples to be held at



approximately 800-900° C for 10 to 20 minutes. Similar heat treatment of Alloy 718 in the lab
showed no substantial microstructural differences as compared to the as received material.

The water manifold (Figure 3b) consisted of seven 20 cm long tubes arranged in a close-
packed array. Each tube contained either an in-beam corrosion probe described above, a set of
stress corrosion cracking samples, or a weightloss specimen. The manifold was welded to the
bottom of an 3.4 m supporting insert which not only supported the weight of the manifold but also
provided the necessary conduits for electrical and water connections. Thermocouples attached to
the front of the manifold verified the position, size, and shape of the proton beam A diagram
depicting the corrosion insert (insert 17B) and its relative position at the target station is presented
in Figure 4.

In addition to the in-beam probes, samples were also located out-of-beam, upstream and
downstream from the manifold; a considerable distance from any proton or neutron flux (see
supply/return side corrosion probesin Figure 2). The probes which held these samples were
purchased off-the-shelf from acommercial vender and allowed the real-time polarization resistance
of samplesto be measured. They employed glass-to-metal seals. These out-of-beam probes held
samples of aluminum alloys 6061 and 5052, W, tantalum, 304L SS, 316L-NG SS, and Alloy
718. Complete results from these probes will be reported in future papers.

2.2. Sample preparation and water quality

To provide a fresh metal surface for eectrochemical characterization, al samples were
ground to 400 grit using SiC paper. After grinding, the samples were degreased in an ultrasonic
bath of acetone. Degreasing was followed by successive ultrasonications in ethanol and de-ionized
water.

Prior to placing the probesin the water system, the interior of the system which included al
piping, tanks, and pumps was steam cleaned and rinsed with a mixture of water and ethanol. The
water system was then filled with DI water (approximately 230 liters), operated for several hours
and then flushed. Thiswas repeated three times before the final system fill with DI water. The

water resistivity varied between 1 x10° ohm cm (initial) and 8x10* ohm cm (after several weeks of



operation). lon coupled plasma analysis of a water sample taken from the system prior to
irradiation found: 5.4x10®° mole/m® W, 1.2x10° mole/m*® magnesium, 1.8x10* mole/m® iron,
6.1x10™* mole/m® zinc, 3.1x10* mole/m® copper, and 0.064 mole/m? calcium. The zinc, copper,
and calcium impurities likely owed to insufficient de-ionization of the source water. Nominally,
the system operated at a water temperature of approximately 20° C +/- 5, a pressure of 0.86x10°
Pa, and atotal flow rate of 1.0 L/s. Thisresulted in aflow rate of 0.095 L/s at the probes, a water
velocity of approximately 0.95 m/sin the annulus between the samples and the tube wall, and a
Reynolds number of 4860 (calculated at 20° C). In an attempt to mitigate the formation of water
radiolysis products such as H,O, (6-10), the system was operated with a dissolved hydrogen
concentration of approximately 0.40 mole/m® . This was accomplished by continuously bubbling
6% H, - 94% Ar gas into the system's reservoir tank. Dissolved hydrogen concentration was
measured with an Orbisphere TCD Hydrogen analyzer. A thorough discussion of the effects of
water radiolysis on corrosion and mitigation methodology will be presented in future publications.
2.3. Proton beam characteristics

The flux of the incident proton beam had a Gaussian distribution of 2s » 3 cm. The
energy of this particle beam was 800 MeV. The beam had a characteristic macropul se repetition
rate of 100 Hz, a gate length of 835 microseconds, and afixed peak current of 16 mA (Figure 5).
Average proton beam currents were controlled by varying the spacing between each micropulse
(and therefore the number of micropulses) in the gate as well as the repetition rate. Nominally, the
average proton beam currents varied between 0.001 and 0.40 mA. Although the beam may be
characterized in terms of current density (charge per unit area per unit time) these particles are
ballistic in nature and are not to be confused with electrical current in EIS. Moreover, because of
their energy virtually 100% of the particles striking the corrosion samples pass through.
2.4. Electrochemical measurements

Electrochemica impedance spectroscopy (EIS) was used to measure the polarization
resistance of each sample as a function of beam current and irradiation time(8-10). To maximize

the signal-to-noise ratio measurements were conducted with a 30 mV peak-to-peak sinusoidal



voltage perturbation over the frequency range of 0.005 - 1000 Hz. No applied dc potential was
employed; that is, all measurements were conducted at the OCP. To diminate the effects of ground
loops, afloating ground EIS system was used. Because atraditional reference electrode was not
capable of withstanding the proton / neutron flux at the manifold, a two electrode EI S measurement
was employed for al in-beam experiments. In the two electrode in-beam measurement the water
system (ground) acted as both reference and counter electrodes. In this measurement the counter
electrode interface can be neglected because of the large surface area of the 304 SS water system
and itsrelatively unchanging potential as measured with a reference electrode downstream. That
is, although the polarization resistance of the 304 SS system was large (>100 ohm. n) its surface
areawas also large. Asaresult its contribution to the measured resistance was small (lessthat 20
ohms). The validity of this method was confirmed by comparing the pre-irradiation EIS results
from the Alloy 718 in-beam probe with those from the Alloy 718 out-of-beam samples. Out-of-
beam EIS measurements were conducted in the traditional three electrode configuration with a
tungsten / tungsten oxide electrode serving as the reference and an isolated Alloy C276 sample as
the counter electrode. The area normalized polarization resistance for both the out-of-beam and in-
beam Alloy 718 samples prior to irradiation were identical .

Initial irradiation experiments were conducted during proton irradiation at average proton
beam currents of 0.001, 0.010, 0.04, 0.10, and 0.40 mA. That is, electrochemical measurements
were conducted while the proton beam was on. These data were taken with al other inserts (17A -
18C in Figure 3) pulled out of the proton beam path such that the first material that the proton beam
struck after leaving high vacuum the most forward tube of the corrosion manifold. After
approximately 300 hrs of experiments with only the corrosion insert in place, inserts 17A, 18A,
18B, and 18C were placed in position in front of the corrosion insert and the beam current was

increased to 1.0 mA. The effect of these insertsin front of the corrosion insert was to spread the

~ Although a30 mV perturbation is somewhat higher than that typically used in EIS measurements (10 mV), for
metals undergoing passive dissolution (asisthe case for aloy 718 in DI water) the effect of an applied anodic
voltage is to thicken the passive film. However thisincrease is small (for aluminum the passive film grows 1.4
nm/V). Therefore, no appreciable effect of a 30 mV peak-to-peak perturbation on sample is anticipated.



proton beam from its compact Gaussian distribution to a more diffuse, cloud-like beam. That is,
for any given current the beam flux at the corrosion insert was lower with the forward insertsin
place. Interaction of the beam with the materials in the forward inserts also increase the neutron

flux at the corrosion insert.

3. Results
3.1. Effect of proton irradiation on polarization resistance

Upon turning the proton beam on, a sharp increase in OCP of Alloy 718 was aways
observed (Figure 6). Correspondingly, no change in the OCP of the downstream sample was
observed. Upon turning the beam off, a sharp decrease in the OCP of the in-beam sample was
observed followed by a more gradual decrease back to the original OCP (data not shown). Typica
ElIS datafrom an Alloy 718 in-beam corrosion sample (with the beam on) as a function of proton
beam current are presented in Figure 7 in the form of Bode magnitude (7a) and phase plots (7b).
The magnitude of the impedance has been normalized for area by multiplying |Z| by the total sample
area. Because the proton beam spot size was small relative to the total probe area, this assumption
isnon-conservative. Therefore, thiswill be referred to as the uniform polarization resistance. The
topic of area normalization as it pertains to corrosion rate will be addressed later in this paper.
Because only one time constant was observed in the EIS data, the simplified Randles equivalent
circuit(11) (EC) shown in Figure 8a was chosen to model the data. Inthiscircuit: R, is the
polarization resistance, C is the capacitance associated with the double layer, and Ry, is the
geometric solution resistance between the sample and the water system. A complex non-linear
least squares (CNLYS) fit of the in-beam data at a proton current of 0.40 mA to this EC is presented
in Figure 9. Asseen in thisfigure, good agreement between the model and the data exists. The

uniform polarization resistances (R, x total areain ohm- n¥) obtained from CNLS fitting as a

pol
function of proton beam current are presented in Figure 10. An exponential decrease in uniform
polarization resistance with increasing beam current was observed. Here, we have chosen to plot

uniform polarization resistance as a function of proton beam current as it includes the effects of



proton fluence, flux, and water radiolysis on corrosion rate. The topics of proton flux, fluence and
water radiolysis are addressed individually below.

To determine whether or not the interaction of the proton beam with the metal produces a
steady state condition which does not change once the sample is removed from the proton beam,
EIS data were collected beforeirradiation, during irradiation at 40 mA, immediately after irradiation
at 0.04 mA (refereed to as "instant off"), and 3 hrs after irradiation at 0.04 mA. In an attempt to
collect as much "near dc" data as rapidly as possible, the instant off data were only collected
between the frequencies of 0.10 and 0.01 Hz which resulted in aminimal 20 minute measurement
time. Asseenin Figure 11 the magnitude of the impedance (|Z]) at low frequencies was lower
during irradiation at 0.04 mA than beforeirradiation. The impedances measured immediately after
the beam was turned off were somewhat higher than those measured during irradiation.
Approximately 3 hours after irradiation the low frequency impedance was found to returned to the
pre-irradiation level. These findings are evidence that the effect of proton irradiation on corrosion
rate decays with time after the beam is shut off. 1t may also be noted that the slopes of the 0.04
mMA data and pre/post irradiation plots between 0.03 and 1.0 Hz are equal to -1, as anticipated for
steady state capacitive behavior (Figure 8a). For the instant off measurement, the data has a slope
greater than -1. This behavior isindicative of a changing system, that is, the instant off datawas
non-steady state as the probe's response became more post-irradiation-like (and consequently less
in-beam like) with increasing time after the beam was turned off. It is also apparent from Figure
11 that proton fluence is not the controlling parameter as the pre-irradiation and post-irradiation
corrosion rateswere identical. Thistopic will be addressed in greater detail in following sections.
3.2. Corrosion rate calculations

Because the beam spot was small relative to the size of the Alloy 718 corrosion sample (the
beam width at 2s was equal to 3 cm vs. probe dimensions of 1.3 cm in diam. x 15.9 cm in length)
and, therefore, the proton flux varied across the sample surface, two methods for determining

corrosion ratefrom R__, were derived. The first method used proton flux (from the incident proton
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beam) as a criterion for determining the area of highest damage. The proton flux profile of the
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beam at LANSCE A6 has been characterized and found to have a Gaussian distribution rotated
about a central axis(12). The relationship between proton flux and radial position from the center

of the beam isgiven by:

2
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where: f istheflux in p/m? - s or mA/n?, r isthe distance from the center of the beamin
m, and s is the standard deviation of a Gaussian distributionin m. For f, (the flux at r=0) in

mA/n? f _ isgiven by:
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where |, isequal to the average beam current in mA. For our study 2s was equal to approximately
0.003 m (s =1.5 cm) and |, was varied from 0.001 to 0.40 mA as discussed above. Assuming
that corrosion occurs preferentially in the beam and is proportional to proton flux, arelationship

between polarization resistance and proton flux can then be established from equation 1.
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where Rffo, is the area normalized Gaussian distribution of the polarization resistance in ohm- nv’.
The constant, b, has units of ohm- m?- mA and was determined by fixing the average polarization

resistance( ﬁpo, in ohm- n7) to an area defined by 2s (pd) where d is the sample diameter in m:

ﬁpoI = Rpol * 25 (pd) (4)
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where R, isin units of ohms and is obtained from CNL Sfitting of the EIS data as discussed
above.

From R®_, the corrosion rate (CR) in 10°® m/yr., was determined as a function of position

pol?

as seen in Figure 12 from the well know relationship:

G
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wherer isthe density of Alloy 718 and is equal to 8.19x10° kg/m?®, the units conversion constant
327.6 has units of (kg- mm)/(m- mA. yr.), and EW isthe equivalent weight of Alloy 718 and is equal
to 25.66 (dimensionless). The constant 26 in Eq. 6 assumes Tafel slopes of 0.12 V/decade. The
error associated with this assumption is small and has been addressed elsewhere(13). Asmay be
anticipated, the highest corrosion rates are found at the center of the probe (at r=0). It should be
noted that the theoretical 2s for athe proton beam isin close agreement with 2s in the corrosion
rate distribution (3.1 cm). A plot of corrosion rate as afunction of proton flux (from the incident
proton beam) is presented in Figure 13. Asseen in this plot, at an average proton current of 0.04
mA the calculation predicts that the corrosion rate of Alloy 718is4.7x10° m/yr. at a proton flux of
1.8x10"" p/n?-s. However, at an average proton current of 0.40 mA the model predicts that the
corrosion rate is 2.5x10° m/yr. for the same proton flux. This may be a limitation of the
assumptionsin the calculation, however, it is more likely an indication that there are factors other
than the incident proton flux that contribute to the measured corrosion rate. Future experiments
will focus on the role of gate length, repetition rate, peak proton current, and total radiation flux
(photo + neutron + proton) on corrosion rate. Specifically, to verify the damage distribution

predicted in Figure 13, corrosion probes of the same material will be placed at various radial
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distances from the proton beam. The data from these probes will be compared to radiation
transport code (LAHET) calculations of the total proton, neutron, and photon flux distribution.

For comparison, calculations were also performed that assumed corrosion rate was
independent of proton flux. Specifically, the distribution of corrosion was assumed to be uniform
across the entire probe surface. To calculate corrosion rate, the uniform polarization resistance

(Figure 10) wasusein Eq. 6 inplace of R®. Thatis, R, from CNLS modeling of the EIS data

pol
was multiplied by the total probe area (approximately 6.34x10° m?). The results are presented in
Figure 14. For comparison, the peak corrosion rates at r=0 (that is at the peak flux) from the
Gaussian flux distribution are also presented. The assumption that corrosion rate is uniform across
the entire sample surface is non-conservative and should be considered the minimum rate. The
changein corrosion rate as a function of beam current was similar for both assumptions and can be

defined by the relationship:

log(CR) =a + 0.68log(BC) )

where BC is beam current in mA and a is a constant and is dependent on the method used to
calculate corrosion rate. The valuesfor a are: 0.25 and -0.68 for the Gaussian and uniform
polarization resistance assumptions, respectively. Nearly identical results were obtained for two
additional Alloy 718 probes in subsequent irradiations(14).
3.3. The effect of proton fluence on corrosion rate

In addition to measurements with only the corrosion insert in-beam, measurements were
also made over several months with the four other inserts (17A and 18A-C) in front of 17B. These
measurements were conducted at a proton beam current of 1.0 mA. The polarization resistance of

Alloy 718 asafunction of the calculated proton fluence® is presented in Figure 15. As before, all

¥ Calulated by intergrating Equation 1 over time. The decreasein flux due to the forward inserts at 1,=1.0mA was
corrected for by using 0.4 mA as the average current during the period of time that the forward insserts were in place.
This may have resulted in an overestimation of the total fluence. Thetotal fluence measured at insert 17A (the front
insert) at the end of the irradiation period was on the order of 10?*-10% p/m?.
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ElS experiments were conducted with the beam on. Although some scatter in the long-term data
was observed, the polarization resistance remainsfairly constant as a function of time. This

observation, in combination with the finding at low fluencesthat R, returnsto its pre-irradiation

pol
value after turning the beam off, is evidence that the proton fluence is not a major contribution to
the corrosion mechanism during irradiation. Further examination of Figure 15 finds that, with the
forward insertsin-beam, upon increasing the beam current to [,=1.0 mA the uniform polarization
resistance did not decrease significantly from the value measured at 1,=0.40 mA. This effect is due
to spreading of the beam after striking the four front inserts. That is, the proton flux at the
corrosion insert during irradiation at 1.0 mA with the four other inserts (17A and 18A-C) in front
of 17B was likely equivalent to the proton flux during irradiation at 0.40 mA at the corrosion insert
with no other insertsin front of 17B. After 2400 hr of irradiation (fluence = 6.5x10* p/m?),
experiments were conducted with the 17B insert raised approximately 0.3 to 0.6 m above the
beam. Asin Figure 15, only a slightly higher polarization resistance was measured when the
corrosion insert was above the beam. Thisresult is additional evidence that the effect of the 4 front
insertsisto simultaneous spread the proton beam and decrease the relative proton flux near the
beam center line while increasing proton flux away from the centerline. That is, had inserts 17A-
18C not been in place alarger change in polarization resistance proportional to the proton flux at
1.0 mA would have been observed.

It may be noted that after approximately 1400 hours (with all insertsin place and the beam
operating at 1.0 mA), the EIS data began to show evidence of a diffusion component. The effect
of this diffusional impedance can be seen in the Bode magnitude data presented in Figure 16. In
the frequency range of 1 to 0.04 Hz, the slope was equal to -1, which is the characteristic response
of acapacitor. Below approximately 0.04 Hz the Bode magnitude data has a slope of -1/2 which
isthe characteristic response of adiffusional (Warburg) impedance. Therefore, the data collected
after 1400 hours of immersion were modeled by a dightly different equivalent circuit than that used
for data gathered at earlier immersion times. This EC is presented in Figure 8b where Z,,

represents the traditional Warburg type impedance and all other elements are remain the same. As
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before, the CNLSfit of the model was in excellent agreement with the experimental data (Figure
16)

4. Discussion
4.1. Water Radiolysis Products

In the analysis of gamma radiation effects on corrosion rate, authors have frequently
attributed increased corrosion rates to water radiolysis products. Irradiation of water (from
ionizing radiation such as proton, electron, and gamma radiation for example) results in the
formation of radiolysis products, such as OH, €, HO,, and O, (6, 15-17), that may effect
corrosion rate. These products have lifetimes which are less than a microsecond (the rate constants
for recombination are greater than 10°) before they recombine with other radiolysis products to
form stable species. Asaresult, these "short-lived" products do not build up in the system over
the course of days or weeks. For thisreason any effect they may have on the corrosion rate of the
sample would be anticipated to occur only while the beam was on at the proton beam / water /
Alloy 718 interface(the Helmholtz layer) as they are continuously formed and annihilated at this
point. Given the high reaction rate constant of these species and the velocity of the water past the
Alloy 718 sample (about 1 m/s), upon turning the proton beam off, the relative concentration of
short-lived products at the proton beam / water / Alloy 718 interface will be zero after a few
microseconds.

The recombination of these short lived products results in the formation of stable water
radiolysis products. The concentration of these stable species such as oxygen (O,) and hydrogen
peroxide (H,0,) will gradually increase with increasing fluence (time). In the case of O, and
H.,O,, these long-lived radiolysis products are cathodic reactants and, therefore, will increase
cathodically limited corrosion rates and OCP's. Here hydrogen water chemistry was used to
mitigate the formation of this species. After 143 days of irradiation the peroxide concentration was
less than 0.29 mole/m®. However, it is possible that the concentration of long-lived products will

be higher than their bulk values at the proton beam / water / Alloy 718 interface. |If the decreasein
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corrosion rate observed during proton irradiation owed primarily to an increase in concentration of
radiolysis products (long-lived or short-lived) at the proton beam / water / Alloy 718 interface, the
post-irradiation corrosion rate should return to its pre-irradiation value in less than a second.

However, the decay of R_, back to its pre-beam value took more than 20 minutes (Figure 11).

pol
Therefore, it is unlikely that radiolysis products played any tangible role in the observed increasein
Alloy 718 corrosion rates.

4.2. Direct Sample Particle Beam Interactions

Another proton beam effect that must be considered is heating, caused by energy deposition
in the Alloy 718 sample. To estimate the peak surface temperatures for the in-beam corrosion
samples, thermal-hydraulic calculations were performed. These calculations were based on the
flow rate in each tube, inlet water temperature, sample thickness and material, and power density
variations along the sample and tube lengths. With the exception of power density, values for
these parameters can be found in Sections 2.1 and 2.2. The power density varied with beam
current for a specific beam profile (Equation 1). For the Gaussian beam with asigma of 1.5 cm,
the peak power density in the Alloy 718 sample at 0.40 mA, for example, was 4.93x10® W/m?
while the average power density over the sample was 1.38x10® W/n?. Calculations were
performed at 13 sample and tube node locations. At each location, the sample and tube
temperatures were calculated using the local water temperature, heat transfer coefficient, and power
deposition in the sample and tube. Experimentally, thermocouples were brazed to the outside of
the cooling water tube, that surrounded the Alloy 718 probes, at the midpoint. For completeness,
a detailed caculation of thermocouple temperature, assuming the beam was centered at the
midpoint location was also performed.

Table 2 shows the calculated Alloy 718, tube, and thermocouple temperatures for beam
currents of 0.001, 0.01, 0.04, 0.10, and 0.40 mA. The water inlet temperature used in these
calculations was 20 °C for all currents even though the actual water temperature varied a few
degrees from thisvalue. The calculated peak sample surface temperatures ranged from slightly

above water temperature at a proton beam current of 0.001 mA up to 122.9 °C at 0.40 mA. The
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corresponding peak temperature for the inner surface of the flow tube was 91.7 °C at 0.40 mA,
while the calculated thermocoupl e temperature attached to the outside of the tube was 143.9 °C.
Table 2 also shows the sensitivity of temperature to beam position. For example, at 0.40 mA, a
position 2.5 cm from beam centerline has a peak sample surface temperature of only 52.7 °C
versus the 1229 °C at the beam centerline. Therefore, when comparing the caculated
thermocoupl e temperatures to the experimental values, beam position must be considered. That is,
as the beam was not centered on the midpoint of the tube the thermocouples are expected to
measure lower temperatures than the maximum caculated thermocouple temperatures given in
Table2. Moreover, the steering thermocouples (referred to in Section 1.1) located the beam XY
position as approximately -0.4, -0.1 cm relative to the tube center. Future hot-cell work will
include autoradiographs of the tube to more accurately determine the position of the proton beam
with respect to the tube thermocouples.

Although temperature increases the kinetics of the anodic reaction, for passive metals (such
as Alloy 718 in high purity water) corrosion rate at the OCP is controlled by the passive film. To
investigate the role of sample temperature on corrosion rate, potentiodynamic polarization curves
for Alloy 718 in pH 7 5.0x10* mole/m® boric acid / 5.0x10° mole/m® sodium borate buffer
solution were generated at 22° C and 74° C +/- 2° (Figure 17; reference electrode potentials were
temperature corrected in accordance with Ives and Janz(18)). In borate buffer solution, Alloy 718
is passive. Therefore, corrosion rate at the OCP is controlled by the passive film as in high
temperature / high purity water. A higher temperature was not chosen, as oxygen depletion of the
solution occurs at temperatures greater than 80° C for systems open to the atmosphere. As these
polarization curves were generated in an open cell, corrosion rate would reach a maximum at 80°
C. Asaconservative approximation, the results from potentiodynamic testing at 74° C will be
compared with those obtained during irradiation at 0.10 mA. Thus, the described temperature limit
isof little consequence as 74° C is in the range of the calculated peak surface temperature for the

in-beam sample between beam currents of 0.10 and 0.4 mA.
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From the potentiodynamic polarization curves we find that theratio of i, at 74° Cto i, at

22° C was 1.33 (2.8x10* A/m? and 2.1x10* A/m? respectively). That is, a50° C increasein
sample temperature produced a 33% increase in corrosion rate. For the in-beam sample, the ratio
of /R, * measured during irradiation at 0.10 mA (» 46° C) to that measured with the beam off
(15° C) was 180 (1/(9.3 ohm- ) and 1/(1.7x10° ohm- ) respectively, Figure 17). Although,
the calculated peak surface temperature of the in-beam sampleis 28° C below the temperature used
in the potentiodynamic polarization experiment, the corrosion rate of the in-beam sampleincreased
by 2 orders of magnitude during irradiation. Therefore, while heating of the in-beam sample due
to energy deposition from the proton beam occurred, its contribution to the observed decrease in
corrosion rate during irradiation was small.

In addition to temperature effects, the proton beam may also cause radiation damage in the
sample. Radiation damage may be divided into two basic categories, physical damage and changes
in electrical and optical properties. Physical damage to the passive film such as displacement,
amorphization, Frenkel defects, sputtering, implantation, etc. generally occurs at lower particle
energies (< 10 MeV) and may result from ballistic impact of the particle with the material or from
the indirect transfer of kinetic energy. Although recoiling of the nucleus after a spallation event
may cause some local distortions in the oxide, these passive films have no long range order,
therefore, there is no effect on alattice per se. Physical damage in the metal, such as proton /
neutron induced segregation resulting in chromium depleted zones, is not ruled out. Typically,
however, the effects of segregation are not observed until higher fluences and, therefore, this does
not explain the "instantaneous’ changesin polarization resistance observed here.

At higher particle energies (> 10 MeV) the particle causes continuous el ectronic excitations
in the material asit passes through it. For insulators and semiconductors (such as passive oxides)
this electronic excitation may result (indirectly) in the promotion of vaence electrons to the
conduction band. Although many of the electron-hole pairs that form in this manner recombine

instantly (geminate recombination), those which escape this phenomena are free to migrate in an

* R,y isinversely proportion to thei,,. Both R, and i,,. are determined at the OCP.
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electric field. Thisisknown as radiation induced conductivity (RIC) and accounts for the relatively
high conductivities observed in otherwise insulating materials such as Al,0,(19) and MgALQO,
spinel(20) during high energy proton irradiation. It has been shown that uv irradiation effects the
corrosion properties of 304 and 316 stainless stedl in asimilar manner to the proton effect observed
here(21, 22). The passive oxide that forms on of 304 and 316 SSis semiconducting in nature (as
isthe oxide on Alloy 718). Currently we are exploring the use of Mott-Schottky analysis(23) to
determine if achange in donor concentration occursin the Alloy 718 oxide as well as quantify the

amount of increase. Results of thiswork will be presented in future publications.

5. Conclusions

A seminal experimental effort to characterize the corrosion rates of materials in spallation
neutron source target cooling loops has been conducted at the Los Alamos Neutron Science Center.
Electrochemical impedance spectroscopy has been demonstrated to be a powerful method for
measuring the real-time corrosion rates of materials in high purity water during proton irradiation.
For 800 MeV proton irradiation, EIS found that the corrosion rate of Alloy 718 increased
exponentialy with increasing beam current. Over the range of 0.001 to 0.40 mA the corrosion rate
increased from 0.041x10° m/yr. to 3.1x10°® m/yr. assuming uniform corrosion over the sample
surface. These rates may be an order of magnitude higher when proton flux is considered as the
proton beam had a Gaussian distribution where 2s irradiated approximately 25% of the sample
surface. The observed increase in corrosion rate during proton irradiation was found to be
temporary for low proton fluences athough the decay back to pre-irradiation values was slow (on
the order of 3 hrs). Although the mechanism by which proton radiation decreases corrosion rate is

not entirely understood, this finding rules out water radiolysis asamajor contributor.
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Table 1 Effect of 260 MeV protons on the open circuit potential of tungsten (from ref. [4]).

Tables

Sample Number

Proton Fluence

Changein Electrode

(p/m? Potential
(mV)
0 0 0
1 1.8x10* 39
2 6.8x10" 47
3 2.2x10% 84
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Table 2 Calculated Alloy 718, tube, and thermocouple temperatures vs beam current.
temperaturesarein °C. Measured thermocouple temperatures are also presented.

0.001 0.01 0.04 0.10 0.40
(mA) | (mA) | (mA) [ (mA) | (mA)
Water temp at peak Tocation 20.0 20.1 20.3 20.8 23.1
Alloy 718 surface temperatures
Peak at beam centerline 20.3 22.6 30.3 45.7 122.9
1.5 cm from peak (radial) 20.2 21.7 26.7 36.7 87.0
2.5 cm from peak (radial) 20.1 20.8 23.3 38.2 52.7
Average on sides of sample 20.1 20.8 23.0 27.6 50.3
TubeInner surface temperatures
Peak at beam centerline 20.2 21.8 27.2 37.9 91.7
1.5 cm from peak (radial) 20.1 212 24.6 316 66.4
2.5 cm from peak (radial) 20.1 20.6 22.3 25.7 42.6
Calculated thermocouple temp. 20.3 23.1 324 51.0 143.9
M easur ed ther mocouple temp. 15-18 18-21 21-22 24-27 50-67
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Figure 1 Thickness changesin a0.318 cm diameter tungsten rod after proton irradiation at 1.0
mA for 2 months (adapted from ref 2).
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Figure 2 A diagram representing the corrosion water system at the LANSCE A6 Target Station.
This system was used to measure the red-time corrosion rates of materials during proton
irradiation. Only the results from the in-beam corrosion loop are discussed here.
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Figure 3a A diagram depicting a corrosion probe used to eéectricaly isolate the corrosion
samples from the cooling water system. Samples were mounted on the alumina by means of a
compression seal.
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Figure 3b A photograph of the water manifold (insert 17B) that contained the in-beam corrosion
probes prior to being set in place at the A6 Target Station. The proton beam is perpendicular to the

page.
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Figure 4 A diagram representing the A6 Target Station at LANSCE and all of the materials
irradiation inserts. Early in-beam data reported on in this paper were collected with inserts 17A-
18C removed from the beam path. At later times, inserts 17A-18C were placed in-beam as shown
inthisfigure.
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Figure 7a Bode magnitude plots from the 718 sample during proton irradiation at proton beam
currents of 0.001, 0.01, and 0.40 mA. The area normalization assumes uniform dissolution
across the sample surface.
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Figure 7b Bode phase plots from the 718 sample during proton irradiation at proton beam
currents of 0.001, 0.01, and 0.40 mA.
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Figure 8 Equivalent circuit models used in complex non-linear least squaresfitting of the EISin
(a): R, represents the polarization resistance and is inversely proportional to corrosion rate, C
represents the double layer capacitance, and R, represents the geometric solution resistance and
(b) Z, represents adiffusional (Warburg) type impedance.
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Figure 9 Bode magnitude and phase data from the in-beam 718 sample during irradiation at 0.40

mA and the CNLSfit of the data to the equivalent circuit shown in Figure 8a. For clarity, not all
experimental data are shown. Asin Figure 6a, the area normalization assumes uniform dissolution

across the sample surface.
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Figure 10 Uniform polarization resistance for alloy 718 as afunction of beam current. The area
normalization assumes uniform corrosion across the sample surface. Therefore, the polarization
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Figure 11 Bode magnitude datafor 718 before and 3 hours after irradiation at 0.040 mA, during
irradiation at 0.040 mA, and immediately after the beam was turned off ("instant off"). The slope
of the instant off datais less than -1 indicating the impedance is changing with time. Asin Figure
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6a, the area normalization assumes uniform dissolution across the sample surface.

31



25 T T I| T T T | T T T | T T T J T LI
N\ :
oF \ ‘—-O.4mA\E ]
——004mA | :
o \ :
® ~ .
o 15} ' _
= > \
S E '
& :
end of probe * ]
6 8 10

Position from Probe Center (cm)

Figure 12 Caculated corrosion rate as afunction of radial distance from the probe center (which
was approximately equal to the beam center) as calculated from Equations 3-6. These profiles
would be observed if corrosion rate was a function of proton flux of the incident proton beam.
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Figure 13 Calculated corrosion rate from the in-beam 718 sample as a function of proton flux

From Figure 12). Proton flux was calculated from Equation 1 for proton beam currents (1) of
0.04 and 0.4 mA. The probe center was approximately equal to the beam center
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Figure 14 Corrosion rate from the in-beam 718 sample as a function of proton beam current.
The rates are calculated for two assumptions concerning the corroding area: 1) corrosion rate was
uniform over the entire sample surface and 2) corrosion rate as a function of proton flux,
Equations 3-6 (@ r=0in Figure 12, or at peak flux in Figure 13).
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Figure 17 Potentiodynamic polarization curves for alloy 718 in borate buffer pH 7.2 at 22° C
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temperature corrected in accordance with lves & Janz (18).



